Storage of seeds is accompanied by loss of germination and oxidation of storage and membrane lipids. A lipidomic analysis revealed that during natural and artificial aging of Arabidopsis seeds, levels of several diacylglycerols and free fatty acids, such as linoleic acid and linolenic acid as well as free oxidized fatty acids and oxygenated triacylglycerols, increased. Lipids can be oxidized by enzymatic or non-enzymatic processes. In the enzymatic pathway, lipoxygenases (LOXs) catalyze the first oxygenation step of polyunsaturated fatty acids. Analysis of lipid levels in mutants with defects in the two 9-LOX genes revealed that the strong increase in free 9-hydroxy-and 9-keto-fatty acids is dependent on LOX1 but not LOX5. Fatty acid oxidation correlated with an aging-induced decrease of germination, raising the question of whether these oxylipins negatively regulate germination. However, seeds of the lox1 mutant were only slightly more tolerant to aging, indicating that 9-LOX products contribute to but are not the major cause of loss of germination during aging. In contrast to free oxidized fatty acids, accumulation of oxygenated triacylglycerols upon accelerated aging was mainly based on non-enzymatic oxidation of seed storage lipids.
Introduction
The longevity of seeds strongly depends on the plant species and on the storage conditions. Storage of seeds results in aging accompanied by gradual loss of seed quality and a decrease in the germination rate. This is especially relevant when seeds need to sustain longer periods of storage or periods with unfavorable conditions such as high temperatures, high moisture and contamination with microorganisms (Harrington 1972) . Loss of germination ability is accompanied by loss of embryo viability and deterioration of storage nutrients. Key factors for the decrease in seed vigor are reactive oxygen species (ROS) such as superoxide anion, hydrogen peroxide, hydroxyl radicals and singlet oxygen. ROS can trigger oxidation and damage of membrane and storage lipids, proteins, DNA and other molecules (McDonald 1999) and can mediate cell death (Hu et al. 2012) . Since oilseeds are rich in lipids, lipid oxidation could be a predominant damaging process in aging seeds (Stewart and Bewley 1980) . Polyunsaturated fatty acids are particularly prone to oxidation, and most plant seed oils are rich in unsaturated fatty acids. Indeed, it was shown that levels of malondialdehyde, an end-product of oxidation of polyunsaturated fatty acids, increase during natural and artificial aging of seeds in Arabidopsis (Devaiah et al. 2007 ). In addition, the drastically shortened storability of seeds with a defect in the synthesis of lipophilic antioxidants of the tocopherol family supports the importance of lipid oxidation during aging (Sattler et al. 2004 ). In addition to non-enzymatic processes, lipids are also enzymatically oxidized. Lipoxygenases (LOXs) and dioxygenases are the most important enzymes oxidizing polyunsaturated fatty acids, with linoleic acid (C18:2) and linolenic acid (C18:3) as the main substrates (Feussner and Wasternack 2002) . In plants, LOXs can introduce oxygen at the carbon at position 9 or 13 in C18-fatty acids; accordingly these enzymes are termed 9-LOX and 13-LOX (Andreou and Feussner 2009 ). The contribution of LOXs to lipid oxidation during seed deterioration has been mainly addressed in rice where it was shown that down-regulation of the activity of different LOX enzymes leads to enhanced storage stability and reduces production of malondialdehyde and lipid hydroperoxides (Gayen et al. 2014 , Huang et al. 2014 , Ma et al. 2015 , Xu et al. 2015 . However, it is not clear which portion enzymatic and non-enzymatic processes contribute to lipid oxidation. In addition, it is unclear whether these products of lipid oxidation are causal for the loss of germination.
Here we compared changes in the lipidome of Arabidopsis seeds subjected to accelerated or natural aging. The question of whether formation of oxidized lipids occurs enzymatically or non-enzymatically was addressed by examining aging-induced lipid oxidation of mutants defective in 9-and 13-LOX. Aging was accompanied by an increase in mainly non-enzymatically formed esterified oxygenated fatty acids and enzymatically formed free 9-LOX products.
Results

Aging alters the seed lipidome
First, we addressed the question of how the lipidome of Arabidopsis seeds changes during aging. As a test system for aging effects, accelerated aging is commonly used (Bentsink et al. 2000) . Similar to published protocols (Tesnier et al. 2002 , Boca et al. 2014 , Arabidopsis Columbia (Col-0) seeds were exposed for 4 d to high temperature and humidity (see the Materials and Methods), and total lipid extracts of non-treated and 4 d aged seeds were analyzed with ultra-performance liquid chromatography-electrospray ionization-quadrupole time-of-flight-mass spectrometry (UPLC-ESI-qTOF-MS). Hydroperoxides were converted to their more stable hydroxy derivatives by reduction with triphenylphosphine during lipid extraction. Hence, hydroperoxides and hydroxides were quantified together as hydroxides. To recover a high number of lipid features, the same sample was analyzed using three different UPLC-ESI-qTOF-MS methods (see the Materials and Methods). Multivariate statistical data evaluation for the data sets was applied to identify seed aging markers. Evaluation of the data with principal component analysis showed a clear separation of non-aged and 4 d aged samples ( Supplementary Fig. S3-C) , proving that seed aging alters the lipidome. Orthogonal partial least squares discriminant analysis was applied to filter out the most dominant lipid features contributing to seed aging ( Supplementary Fig. S3E-F) . These seed aging markers were verified in an independently performed experiment. Considering all three applied separation methods, levels of 39 out of 4,080 lipid features {CoeffCS[2] >0.001, P(corr)[1]P > 0.9} were different in the accelerated aged seeds ( Table 1) . As shown in Supplementary Table S2, the structures of the 39 seed aging markers were identified by their exact massto-charge ratios (m/z), elemental compositions and fragmentation patterns using the METLIN and the LIPID MAPS databases. Hydroxylated triacylglycerols, not included in these databases, were identified by their elemental compositions, isotope abundance distributions and characteristic fragmentation patterns (Murphy et al. 2007 ). Identified seed aging markers (Table 1) comprised nine hydroxylated triacylglycerols, 10 oxidized and four non-oxidized fatty acids, eight diacylglycerols and 10 phospholipids. The oxidized fatty acids comprised HO-18:3, HO-18:2, Oxo-18:3 and Oxo-18:2. While levels of some phospholipid species decreased, levels of free fatty acids, diacylglycerols, hydroxylated triacylglycerols and free oxidized fatty acids increased. The strongest increase was found for oxidized fatty acids (between 5-and 138-fold). Levels of linoleic acid, linolenic acid, diacylglycerols and hydroxylated triacylglycerols were elevated in aged seeds between 1.7-and 2.5-fold in comparison with non-treated seeds. To determine whether these changes also occur during natural aging, lipid metabolites in seeds which were stored for 9 and 17 years were analyzed. Overall, an increase in the levels of free fatty acids, diacylglycerols, hydroxylated triacylglycerols and free oxidized fatty acids was also observed in naturally aged seeds (Table 1) , indicating similarities in the processes occurring during natural and accelerated aging. The increase in the levels of hydroxylated triacylglycerols of 9-yearold seeds was between 2.1-and 6.7-fold; increases were overall higher than the alterations during accelerated aging. The strongest increase was observed in 17-year-old seeds (9.9-to 17.6-fold increase). Elevation in diacylglycerols was observed for some but not all diacylglycerol species. Similar to accelerated aging, natural aging leads to a clear increase in free oxidized and nonoxidized fatty acid, with the exception of one oxidized fatty acid which only increased upon accelerated aging. A decrease in phospholipids was detected for most of the phospholipid species in 17-year-old seeds but not in 9-year-old seeds.
In summary, these data indicate that robust changes in lipid levels due to seed aging were detected, which is in agreement with the published data and the expectation that natural as well as accelerated aging results in lipid oxidation. The highest increases were found for oxidized triacylglycerols and oxidized free fatty acids. Therefore, these groups of lipids were chosen for further, detailed analysis to elucidate the oxidation mechanisms during seed aging.
Oxidized triacylglycerols are formed mainly non-enzymatically
To investigate whether oxidation of triacylglycerols occurs enzymatically or non-enzymatically, accumulation of five oxidized triacylglycerols (Table 1) was determined in mutants with defects in LOXs. Two 9-LOXs (LOX1 and LOX5) and four 13-LOXs (LOX2, LOX3, LOX4 and LOX6) are present in Arabidopsis. A double mutant with a defect in the expression of the two 9-LOXs (lox1,5) showed an increase of all five hydroxylated triacylglycerols upon accelerated aging. Overall, hydroxylated triacylglycerols increased 2-fold in lox1,5 and 2.5-fold in the corresponding wild type Wassilewskija (WS) (Fig. 1A presenting the total of the five hydroxylated triacylglycerols). Levels of each of the hydroxylated triacylglycerols in lox1,5 and in the single mutants lox1 and lox5 also matched the wild type ( Supplementary Fig. 4A ). Similarly, levels of all five hydroxylated triacylglycerols increased upon aging in the quadruple mutant lox2,3,4,6 with a defect in all four 13-LOX genes to similar levels as in the wild type Col-0 (Fig. 1B) . Analysis of the triacylglycerol levels in the lox2 and lox6 single mutants and lox3,4 double mutant revealed that lox3,4 was also similar to Col-0 ( Supplementary Fig. S4B ) while levels of most hydroxylated triacylglycerols were reproducibly lower in untreated and in aged seeds of lox2 ( Supplementary Fig. S4C ). Unexpectedly, in lox6, basal levels were reproducibly almost as high as the levels after aging, with no or only little increase in treated seeds ( Supplementary Fig. 4C ). The reason why no alteration was detected in the quadruple mutant was probably that lower basal levels in lox2 compensated higher basal levels in lox6.
These results suggest that oxidation of fatty acids esterified in triacylglycerols upon aging is mostly independent of LOX enzymes and mainly based on non-enzymatic processes. Metabolites which increase or decrease during accelerated and natural aging in Col-0 were identified by m/z and fragmentation pattern (see Supplementary Table S2) . Lipid peroxides were reduced to hydroxides prior to analysis. The 'oxygenated fatty acids' were distinguished by their different retention time (see Supplementary Table S2 ). For oxygenated fatty acids which could not be identified based on the fragmentation pattern, the primary ID is given. Metabolites are grouped into TG OH (hydroxylated triacylglycerol), DG (diacylglycerol), PC (phosphatidylcholine), PE (phosphaditylethanolamine), free and oxygenated FA (fatty acid) and within a group are sorted by the coefficient (see Supplementary Table S2 ).
Among all LOX enzymes, only LOX2, a 13-LOX, appears to contribute to a minor part.
LOX1 is responsible for the production of enzymatically oxidized free fatty acids
To elucidate the mechanism of generation of free oxidized fatty acids, at first the position of the hydroxy group in free hydroxy octadecatrienoic fatty acids (HOTEs) was analyzed because the oxidation pattern can reveal information on the processes involved. Hydroxylated fatty acids with a hydroxy group at position 9, 10, 12, 13, 15 and 16 can be formed from linolenic acid triggered by singlet oxygen, at position 9, 12, 13 and 16 by free radicals and at position 9 and 13 by LOXs (Triantaphylides et al. 2008) . To analyze the position of the hydroxy group, targeted analyses employing triple quadrupole-MS was performed. Lipid peroxides were reduced to hydroxides prior to analysis. Hence, hydroperoxides and hydroxides were quantified together as hydroxides. If-similar to the oxidation of esterified fatty acids-non-enzymatic oxidation is the most important process, free fatty acids were expected to exhibit a random pattern of hydroxylated fatty acids typical for singlet oxygen/free radicaltriggered formation. Basal levels of all HOTEs were low, mostly close to the detection limit. Upon aging, the content of all six possible HOTE species increased, suggesting that non-enzymatic oxidation occurred. However, 9-HOTE displayed by far the strongest increase; levels in 4 d aged seeds reached 5.6 to 7 ng mg À1 in WS and Col-0, respectively (Fig. 2) . The other HOTEs only accumulated to levels below 3 ng mg À1 , with 16-and 13-HOTEs reaching the highest and 10-HOTE the lowest levels. This pattern indicates that, in addition to some nonenzymatic oxidation triggered by free radicals and singlet oxygen, 9-LOXs in particular are involved in oxidation of free fatty acids during aging. To elucidate which of the two 9-LOXs is responsible for the production of these compounds, mutants with defects in LOX1 and LOX5 were investigated. In addition to HOTEs, metabolites derived from linoleic acid (HODE and KODE) and linolenate metabolites containing a keto group at position 9 (9-KOTE) were also analyzed. Also 9-HODE, 9-KODE and 9-KOTE levels accumulated from very low basal levels strongly in response to aging treatment, reaching levels of 15, 33 and 10 ng mg -1 seeds, respectively, in the wild type (Fig. 3) . Levels of hydroxylated triacylglycerols in the double mutant lox1,5 and the corresponding wild type WS (A), the quadruple mutant lox2,3,4,6 and the corresponding wild type Col-0 (B). Shown is the sum of the five hydroxylated triacylglycerols which showed a significant increase upon aging (see Table 1 ; Supplementary Fig. S3 ). Lipid peroxides were reduced to hydroxides prior to analysis. The data were calculated from the mean of three replicates ± SD; values of the individual hydroxylated triacylglycerols are shown in Supplementary Fig. S4 . Significant differences are indicated (Student's t-test: ***P < 0.002; **P < 0.02; *P < 0.05). There were no significant differences between levels in the mutant and the corresponding wild type. Levels of these 9-LOX products in untreated and aged seeds of the lox5 mutant were similar to wild type levels (Fig. 3) , indicating that LOX5 is not involved in formation of these compounds in response to aging. In contrast, only a very minor increase upon aging to levels between 0.1 and 3 ng mg -1 seed was detectable in the lox1 and lox1,5 mutants, indicating that LOX1 is responsible for formation of 9-LOX products during seed aging.
It was also investigated whether 13-LOXs are involved in the formation of free oxidized fatty acid derivatives during aging. In addition to 13-HOTE, 13-HODE and 13-KODE were analyzed; 13-KOTE was below the limit of detection. Similar to 13-HOTE, levels of 13-HODE and 13-KODE showed a small increase upon aging ( Supplementary Fig. S5 ). The rather small increase (similar to the increase in 16-HOTE) suggests that formation of 13-oxygenated lipids was non-enzymatic. In the quadruple mutant lox2,3,4,6, these oxylipins accumulated to levels which tended to be even higher than in the wild type. This suggests that 13-LOXs are not involved in formation of these compounds in aging seeds but rather non-enzymatic processes lead to the formation of fatty acid derivatives oxidized at position 13.
LOX1 products only slightly contribute to loss of germination
The correlation between loss of germination and accumulation of 9-LOX products during aging raises the question of whether the oxidized lipids are causal for lower germination rates. To test this, it was determined whether the lack of accumulation of 9-LOX products in aged seeds of the lox1 mutant results in altered germination rates. If the accumulation of 9-LOX products is responsible for the decrease in germination upon aging, a higher germination rate in aged lox1 seeds in comparison with the wild type would be expected. In four out of six independent experiments, the germination of aged lox1 seeds was slightly higher than in the wild type. The mean of all six experiments is shown in Fig. 4 , with a germination rate of 7% for the wild type and 15% for lox1. The difference was significant; however, the effects were always rather small, with 21% being the highest germination rate observed for 4 d aged lox1 seeds.
These data indicate that 9-LOX products slightly contribute to but are not the major cause for loss of germination during aging.
Discussion
Enzymatic and non-enzymatic lipid oxidation during seed aging It has been proposed for a long time that lipid oxidation is an important factor in seed deterioration (Harman and Mattick 1976) . Consistent with this assumption, changes in membrane Fig. 3 Increase in 9-oxygenated compounds depends on LOX1. Levels of 9-LOX products in non-treated and aged seeds of the mutants lox1, lox5, the double mutant lox1,5 and the corresponding wild type WS. Lipid peroxides were reduced to hydroxides prior to analysis. Shown is the mean of three replicates ± SD. lipids as well as storage lipids during aging and especially an increase in oxidation products have been reported: upon natural or accelerated aging, the oil content as well as the amount of total fatty acids and of phospholipids in Arabidopsis seeds decreases, while levels of malondialdehyde, lipid peroxides (determined by FOX assay) and oxidized triacylglycerols have been reported to increase (Devaiah et al. 2007 , Boca et al. 2014 , Gayen et al. 2014 . In order to obtain a comprehensive picture of changes in the lipidome, we performed an untargeted analysis in Arabidopsis. In agreement with the published data, levels of several hydroxylated triacylglycerols increased (upon both aging treatments). Boca et al. (2014) reported an increase in six hydroxylated triacylglycerols in seeds of an Arabidopsis mutant with a defect in two lipocalins which correlated with a much faster decrease in the germination rate of this double mutant during storage or upon artificial aging. This indicates that these hydroxylated triacylglycerols are suitable markers reflecting aging of seeds. Based on the fact that the increase in hydroxylated triacylglycerols was also detectable in a mutant lacking both 9-LOXs as well as in a mutant lacking all four 13-LOXs, it can be concluded that the oxidation of esterified fatty acids occurs mainly non-enzymatically (Fig. 1) . LOX2 was the only LOX which seemed to contribute to the generation of hydroxylated triacylglycerol. While most LOXs prefer free fatty acids as substrates, 13-LOXs which are localized at the membrane of lipid bodies can use esterified fatty acids, as has been shown for mobilization of storage triacylglycerols in oilseed lipid bodies (Holtman et al. 1997 , Feussner et al. 1998 , Feussner et al. 2001 ). In addition, LOX2 is one of the few LOXs reported to oxidize esterified fatty acids, strongly contributing to the oxidation of galactolipids of the plastid membrane in leaves in response to different stress conditions such as wounding, pathogen infection and sorbitol treatment (Glauser et al. 2009 , Seltmann et al. 2010 , Zoeller et al. 2012 . However, the plastidal localization of LOX2 raises the question of how LOX2 can be involved in the generation of oxidized triacylglycerols. Plastids of some tissues, in particular leaves, can contain triacylglycerols stored in plastoglobules. Plastoglobules share similarities with lipid bodies in seeds (Kessler and Vidi 2007) . However, so far, LOX2 has not been found directly associated with plastoglobules (Lundquist et al. 2012) . Another possible mechanism is that oxygenated fatty acids which are formed by LOX2 in plastidal membrane lipids are removed by a lipase and re-esterified into triacylglycerols. This mechanism of oxidation, hydrolysis and re-esterification has been reported for ricinoleate. In castor bean, the hydroxy fatty acid ricinoleate is formed esterified to the sn-2 position of phosphatidylcholine, released by a phospholipase and incorporated into triacylglycerols (Bafor et al. 1991 , Bayon et al. 2015 .
Some non-enzymatic oxidation was also detectable within the pool of free oxidized fatty acids, as indicated by a small increase in the levels of randomly oxidized HOTEs. However, the majority of free oxidized fatty acids were formed enzymatically. For the non-enzymatically formed free oxylipins, two sources are possible: these compounds could be generated by non-enzymatic oxidation of free fatty acids or triacylglycerols, followed by release through the activity of lipases. The latter scenario is more likely since the pool of oxygenated fatty acids esterified in triacylglycerols is comparatively large and triacylglycerols apparently become partially hydrolyzed during aging, thereby releasing pre-formed oxygenated fatty acids in addition to non-oxygenated fatty acids and diacylglycerols (Fig. 5) . Strikingly, there was a very strong increase in the levels of the 9-LOX products 9-KODE, 9-HODE, 9-KOTE and 9-HOTE derived from linoleic and linolenic acid, and this increase was absent in the lox1 mutant line (Fig. 3) , revealing that formation of these oxylipins during seed aging is enzymatically catalyzed and identifying LOX1 as the isozyme that is responsible for the production of these oxylipins during seed aging. LOX1 has also been reported to be involved in the response to other stresses in Arabidopsis. LOX1 is responsible for the accumulation of 9-LOX products, especially 9-KOTE, upon infection with Pseudomonas syringae (Montillet et al. 2013) . LOX1/LOX5 also play a role in generating signaling compounds by oxidizing N-acylethanolamines to N-linoleoylethanolamides which inhibit germination and seedling growth. (Keereetaweep et al. 2015) . LOX1 probably uses free fatty acids as substrates. During aging, the content of free linoleic and linolenic acid increased in Arabidopsis seeds (Table 1) , generating an increased pool of substrates. These free fatty acids might be released from triacylglycerols or membrane lipids by the activity of lipases (Fig. 5) . This would be in agreement with the observed aging-induced accumulation of diacylglycerols and a decline in phospholipid levels which was detectable in our accelerated aging experiment.
Relevance of lipid oxidation/LOX products for seed aging
What so far is the evidence that enzymes involved in lipid oxidation or metabolism are involved in processes during seed aging and deterioration? In Arabidopsis, two phospholipases have been reported to play a role in seed viability and aging. Knock down of the phospholipase D PLDa1 enhanced the tolerance of seeds to accelerated aging which correlated with a lower decrease in oil content and less production of lipid peroxides. It was concluded that the PLDa1-mediated release of phosphatidic acid results in higher generation of ROS and subsequent lipid peroxidation. In addition, this enzyme might contribute to degradation of the phospholipid monolayer of lipid bodies, thereby exposing triacylglycerols to oxidants (Devaiah et al. 2007 ). In contrast, a DAD1-like phospholipase A1 was reported to have a protective role for seed viability during aging. Loss of function of this mitochondrial-localized acyl hydrolase resulted in enhanced susceptibility, and overexpression of this enzyme led to reduced susceptibility to accelerated aging which correlated with higher lipid peroxidation in the mutant and lower peroxidation in the overexpressing plants (Seo et al. 2011 ). In rice, there is direct evidence for a function for lipid peroxidation and especially LOXs in seed deterioration. However, for comparing Arabidopsis and rice, it has to be taken into account that these plants follow different strategies with respect to the seed storage compounds: Arabidopsis accumulates oil while rice is a starch accumulator. Down-regulation or lack of the rice 9-LOXs LOX1, LOX2 and LOX3 led to lower levels of lipid peroxides as well as improved storability and germination upon accelerated aging in comparison with the wild type (Gayen et al. 2014 , Huang et al. 2014 , Xu et al. 2015 . The effect of reduced expression of multiple LOX proteins was much stronger compared with the effect of down-regulation of only one of these LOXs (Song et al. 2007 , Ma et al. 2015 . These data together with the known inhibitory effect of the oxylipin 12-oxophytodienoic acid on seed germination (Dave et al. 2011 , Dave et al. 2016 as well as the regulation of lateral root initiation and induction of root waving by exogenously applied 9-LOX products (Vollenweider et al. 2000 , Vellosillo et al. 2007 suggested that LOX1 products might negatively regulate seed longevity and germination. Indeed, we found that in Arabidopsis lack of synthesis of 9-LOX products in lox1 during seed aging significantly increased the germination rate; however, the effect was only small. In addition, we tested whether germination is inhibited by exogenous application of oxidized lipids. No negative effect on germination was detectable when seeds were incubated with 9-KODE, 9-HODE or 9-HOTE in a concentration of 10 or 50 mM (data not shown). However, for evaluation of these results, it has to be taken into account that it is not clear to what extent exogenously administered oxylipins actually penetrated the seed coat and how rapidly these compounds are metabolized within the seed. Nevertheless, based on both results, 9-hydroxy-and 9-ketooxylipins appear not to be crucial for the reduction of the germination rate upon aging, suggesting that in Arabidopsis, processes other than enzymatic lipid oxidation are more important for loss of germination. Also results with safflower indicate that lipid oxidation is not a major cause of seed deterioration (Ohlrogge and Kernan 1982) . The oxidation of proteins is also thought to contribute to the decline in the germination rate (Rajjou et al. 2008 , Sano et al. 2016 . However, oxidation of lipids and proteins cannot be looked at separately. Lipid peroxidation will permanently generate radicals which can damage proteins (Farmer and Mueller 2013) . Following this line, the increase in oxidized lipids or the decrease in the oil content might not be the most harmful processes per se but indicate lipid peroxidation-associated ROS production that contributes to seed deterioration via protein damage.
Materials and Methods
Plant material
The Arabidopsis thaliana 13-LOX mutant lines lox2 single, lox3lox4 double (lox3,4), lox6 single, lox2lox3lox4lox6 quadruple (lox2,3,4,6) with the corresponding wild type ecotype Col-0, and 9-LOX mutants lox1-1 single, lox5-1 single and lox1-1lox5-1 double (lox1,5) with the corresponding wild-type ecotype WS were used. The lox2 (Glauser et al. 2009 ), lox3,4, lox6 mutants and lox2,3,4,6 (Caldelari et al. 2011 , Chauvin et al. 2013 as well as the lox1-1, lox5-1 and lox1,5 mutants were kindly provided by E. Farmer. The lox6 mutant analyzed throughout the manuscript corresponds to the line SALK_138907. To generate seeds of lox2,3,4,6 and lox3,4 mutants, flowers were sprayed with methyl jasmonate (Grebner et al. 2013) . Seeds used for comparison with these mutants were harvested from wild-type plants which were treated simultaneously with methyl jasmonate. The identity of the mutant lines was verified by male sterility of lox2,3,4,6 and lox3,4; lack of wound-induced formation of jasmonic acid and 12-oxo-phytodienoic acid in lox2,3,4,6; and quantitative reverse tanscription-PCR (qRT-PCR) or PCR as described in Grebner et al. (2013) . The T-DNA insertion of lox1, lox5 and lox1,5 in the respective gene was verified by PCR ( Supplementary Fig. S1 ). The age of the seeds used for the experiments shown was 62 d after harvest. Experiments have been repeated with seeds of ages between 4 weeks and 15 months. Seeds were stored at 4.6 C and 79% relative humidity.
Accelerated aging treatment and natural aging
Arabidopsis seeds were exposed for different time periods to 42 C and 84% relative humidity. The germination rate was monitored. In seeds of the ecotype WS, germination decreased from 94% to 24, 10 and 4% after 2, 3 and 4 d, respectively; in Col-0, germination decreased from 95% to 48, 20 and 4% after 2, 3 and 4 d, respectively (Supplementary Fig. S2A ). Natural aged Col-0 seeds had been stored in the refrigerator for 9 and 17 years, respectively. The germination rate of 9-and 17-year-old seeds was 80% and 2%, respectively. (Supplementary Fig. S2B )
Determination of germination rates
Seeds were surface-sterilized and sown on agar plates with Murashige and Skoog medium containing 3% sucrose. After incubation for 2 d at 4 C in the dark, plates were placed in a plant cabinet with 22 C and a 9 h photoperiod (100 mmol photons m -2.
s -1
). Germination was monitored routinely after 8 d using a binocular. A seed was classified as germinated when the radicula was at least 0.5 mm long.
Lipidomics
Lipids were extracted from 3 mg of seeds per sample using Folch solvent (chloroform : methanol 2 : 1, v/v) as described in Boca et al. (2014) . Reversedphase chromatographic separation was performed using an ACQUITY Ultra Performance LC system (UPLC; Waters) with an ACQUITY UPLC BEH C18, 1.7 mm particle size, 2.1Â100 mm column (Waters). To recover a high number of lipid features, the same sample was analyzed using different UPLC-ESI-qTOF-MS conditions. For the 'lipidomic method' for middle-apolar and apolar lipid compounds, the column temperature was set to 60 C; 5 ml of each sample were injected and eluted with a linear gradient of 30-100% B over 10 min at a flow rate of 0.3 ml min À1 . Eluent A consisted of 10 mM ammonium acetate in water : acetonitrile (60 : 40, v/v) and eluent B consisted of 10 mM ammonium acetate in 2-propanol : acetonitrile (90 : 10, v/v). For the 'fatty acid method' for more polar compounds, the column was maintained at 30 C and the injected sample (5 ml) was eluted using a binary linear gradient of 50-100% B over 10 min at a flow rate of 0.3 ml min À1 with eluent A consisting of 0.1% formic acid in water and eluent B being acetonitrile. The UPLC was coupled to a hybrid quadrupole orthogonal time of-flight mass spectrometer (qTOF-MS, SYNAPT G2 HDMS; Waters). Positive and negative electrospray ionization (ESI) mode was used with capillary voltage and cone voltage of 0.8 kV and 25 V, respectively. The desolvation temperature was maintained at 350 C and the flow rate of the desolvation gas (nitrogen) was 800 l h
À1
. The system was equipped with an integral LockSpray unit with its own reference sprayer. As the internal reference, leucine encephalin was used. The quadrupole was operated in a wide band radiofrequency (RF) mode. The mass range of data acquisition was between 50 and 1,200 Da. Two discrete and independent interleaved acquisition functions were automatically created. The first function collected the low-energy data where molecule ions are acquired. The second function collected the high-energy data or the fragments of the molecule ion by using a collision energy ramp from 15 to 35 eV. Argon gas was used for collision-induced dissociation (CID) in both functions. Multivariate statistical analysis of the low-energy data was carried out using MarkerLynx software (Waters Corporation). First, principal component analysis were performed to identify lipid features that correlate with aging. Since the seed aging was determined as the first component ( Supplementary Fig. S3A-C) , orthogonal partial least squares analysis was applied to filter out the most dominant lipid features contributing to seed aging termed seed-aging markers ( Supplementary Fig. S3E , F) which were verified in an independently performed experiment. For targeted analysis of hydroxylated triacylglycerols, the compound C30:0 was added as internal reference. For calculation of concentrations, a response factor of 1 was used.
Free oxidized fatty acids (HODE/HOTE and KODE/KOTE) were analyzed by UPLC-MS/MS using a Waters Acquity UPLC system coupled to a Waters Quattro Premier triple quadrupole mass spectrometer equipped with an electrospray interface (UPLC; Waters). Seeds were extracted as described above; in addition, solvents contained 1 mg ml À1 triphenyl phosphine and 1 mg ml À1 butylated hydroxytoluene, to prevent further oxidation of polyunsaturated fatty acids. For quantitation of oxidized fatty acids, 150 ng of each 15-oxoeicosadienoic acid (15-KEDE) and 15-hydroxy-eicosadienoic acid (15-HEDE) were added as internal standards. A 7.5 ml aliquot of the extract was separated by reversed-phase chromatography using an Acquity BEH C18 column (1.7 mm particle size, 2.1Â50 mm; Waters) equipped with a VanGuard pre-column (BEH C18, 1.7 mm particle size, 2.1Â5 mm) at 40 C and a linear gradient starting from 65% (v/v) eluent A, consisting of 1 mM ammonium acetate in water to 70% (v/v) eluent B (acetonitrile) within 6 min at a flow rate of 0.25 ml min À1 .
Oxylipins were detected by Multiple Reaction Monitoring (MRM) in the negative ESI mode with a capillary voltage of 3 kV for hydroxy-and 3.25 kV for oxofatty acids. The source was set at 120 C and nitrogen was used as desolvation gas with a flow rate of 800 l h À1 at 350 C and cone gas with a flow rate of 50 l h
. Argon was used for CID (flow rate of 0.3 ml min À1 , 3Â10 -3 mBar). The cone voltage and collision energy were optimized for all compounds, and specific mass transitions were monitored for each compound for 0.025 s. Mass transitions of parent and daughter ions, cone voltage and collision energy are given in Supplementary Table S1 . For accurate quantification of oxylipins, response factors for each compound were determined with commercially available reference compounds (CaymanChemical) or with a mixture of hydroxy fatty acids, prepared as described in Triantaphylides et al. (2008) .
Supplementary data
Supplementary data are available at PCP online. 
